The two opposite behavioral outcomes in animal models of chronic cocaine or amphetamine abuse are sensitization and tolerance, which are induced by intermittent injection or continuous infusion, respectively (Inada et al. 1992; King et al. 1992; Lau et al. 1991; Post and Rose 1976; Reith et al. 1987) . Behavioral sensitization has been hypothesized as a model of the increasing reinforcing effects of cocaine in humans, especially during the early stages of abuse (Kilbey and Ellinwood 1977; Post and Contel 1983; Robinson and Berridge 1993; Mendrek et al. 1998; Kalivas 1995) . Tolerance, on the other hand, may provide an animal model for elucidating time-dependent loss of mental and physical energy associated with stimulant withdrawal after multi-day high-dose, compulsive binges (Gawin and Ellinwood 1988; Weiss et al. 1995) .
The two opposite behavioral outcomes in animal models of chronic cocaine or amphetamine abuse are sensitization and tolerance, which are induced by intermittent injection or continuous infusion, respectively (Inada et al. 1992; King et al. 1992; Lau et al. 1991; Post and Rose 1976; Reith et al. 1987) . Behavioral sensitization has been hypothesized as a model of the increasing reinforcing effects of cocaine in humans, especially during the early stages of abuse (Kilbey and Ellinwood 1977; Post and Contel 1983; Robinson and Berridge 1993; Mendrek et al. 1998; Kalivas 1995) . Tolerance, on the other hand, may provide an animal model for elucidating time-dependent loss of mental and physical energy associated with stimulant withdrawal after multi-day high-dose, compulsive binges (Gawin and Ellinwood 1988; Weiss et al. 1995) .
The two dosing regimens for the above stimulants are also associated with distinctive electrophysiological changes in the potency of dopamine (DA) agonists in inhibiting activity of DA neurons in the substantia nigra zona compacta (SNC, which projects primarily to the dorsal striatum) and ventral tegmental area (VTA, which projects to the ventral striatum and prefrontal cortex). In the SNC, for example, while both continuous infusion and intermittent injections lead to a reduced sensitivity of single DA neurons to DA agonists shortly after withdrawal (Kamata and Rebec 1984; Ellinwood and Lee 1983; Lee and Ellinwood 1989) , the mechanisms underlying this subsensitivity are different (Pitts et al. 1989 (Pitts et al. , 1993 Lee et al. 1997 ). For intermittent injections (which lead to phasically high levels of cocaine) an enabling by a D 1 -dependent mechanism appears to play a key role in the agonist subsensitivity (Pitts et al. 1989 (Pitts et al. , 1993 Lee et al. 1997) , whereas a direct change in D 2 autoreceptor sensitivity might underlie the subsensitivity following continuous infusion (Lee et al. 1997) . In contrast to the SNC, the findings in the VTA are most consistent with autoreceptor subsensitivity (Henry et al. 1989 ; Lee et al. 1997; White et al. 1995) and normosensitivity (Lee et al. 1997 ) 1 day after withdrawal from intermittent and continuous regimens, respectively. The differential effects of chronic cocaine treatments on the VTA and SNC may be reflective of their different afferent connections as well as differences in their respective DA receptor populations.
Following a longer withdrawal period (e.g., 7 days), intermittent injections are generally associated with normosensitivity of the SNC and VTA DA neurons to DA agonists (Henry et al. 1989; White et al. 1995; Lee et al. 1997 ). Continuous infusion is also associated with a normosensitivity of the VTA DA neurons following 7-day withdrawal. However, as we have demonstrated previously, the SNC DA neurons become supersensitive to apomorphine (Ellinwood and Lee 1983; Lee and Ellinwood 1989; Zhang et al. 1992) or quinpirole (Gao et al. 1998 ) in vivo as well as DA in vitro . We have proposed that this sensitivity increase in the continuous pretreatment group may represent somatodendritic DA autoreceptor supersensitivity.
Altered somatodendritic DA autoreceptor sensitivity may be manifested by changes in the number of spontaneously active SNC or VTA DA neurons under baseline conditions. With respect to stimulant-induced changes, the VTA autoreceptor subsensitivity after a 1-2-day withdrawal from intermittent injections (Henry et al. 1989; White et al. 1995; Lee et al. 1997 ) has been associated with an increased number of spontaneously active DA neurons (Henry et al. 1989; White et al. 1995) . Conversely, the SNC autoreceptor supersensitivity on day 7 of withdrawal from continuous infusion is associated with a corresponding decrease in the number of active neurons (Gao et al. 1998) . Similar decreases in the spontaneous activity may be also observed under other conditions leading to autoreceptor supersensitivity (Bunney and Grace 1978; Gallager et al. 1978) . In addition to the number of spontaneously active DA neurons, overall baseline DA neurotransmission may be determined by changes in the bursting pattern of neuronal activity (Gonon 1988) . Our recent study (Gao et al. 1998) demonstrates that continuous cocaine infusion reduces VTA bursting 7 days after withdrawal, a finding that, along with SNC autoreceptor supersensitivity, might provide a partial basis for various symptomatology observed in compulsive stimulant abusers in the intermediate (5-10-day) withdrawal phase, a period of high recidivism.
The above changes in the spontaneous activity of DA neurons, regardless of cocaine pretreament or cell body regions, can be normalized by an acute dose of sulpiride (Gao et al. 1998) , findings consistent with alterations in D 2 -dependent mechanism(s). The present experiment was designed to further explore the D 2 -dependent mechanisms by means of daily injections of apomorphine (D 1 /D 2 agonist), quinpirole (selective D 2 agonist), or apomorphine ϩ SCH 39166 (selective D 1 antagonist) between withdrawal days 1-5. On day 7 of withdrawal (i.e., 2 days after D 1 /D 2 agonist treatment), we determined the number of spontaneously active DA neurons and their bursting pattern in the SNC and VTA. Our hypothesis was that stimulation of D 2 receptors during the early withdrawal phase could negate their changes in sensitivity by day 7, and thus normalize midbrain DA cell firing. In addition to possible underlying mechanisms, the clinical relevance of the findings are discussed.
METHODS

Animals and Pretreatment
Male Sprague-Dawley rats (Charles-River, Raleigh, NC), weighing 300-350 g at the time of recording, were used throughout. Animals were housed two per cage under a 12/12 hour light/dark cycle and food and water were available ad libitum. Following a minimum of 7 days of acclimatization, rats were pretreated for 14 days with one of the three pretreatment regimens: (1) saline injections (2 ml/kg, SC), (2) cocaine injections (40 mg/kg hydrochloride salt, SC, once a day, injected in 2 ml/kg volume), or (3) continuous cocaine infusion (40 mg/kg/d, SC). Implantation and explantation procedures for osmotic minipumps (model 2ML2, Alza Corp., Palo Alto, CA) have been previously described (Joyner et al. 1993) . Briefly, rats were anesthetized with methoxyflurane and a small incision was made on the back of skin (the incision site infiltrated with lidocaine), and the subcutaneous connective tissue was separated, forming a pocket. Single minipumps with modified flow modulators were inserted into this pocket and the wound closed with surgical clips. The pumps were removed 2 weeks later using a similar surgical procedure. For intermittent injections, the injection site was rotated daily throughout the 14-day period in order to reduce skin inflammation associated with cocaine injection. Between withdrawal days 1 and 5, rats in each pretreatment groups were injected with single daily subcutane-ous injections of one of the following: (1) 2 ml/kg saline, (2) 100 g/kg apomorphine, (3) 0.5 mg/kg SCH 39166 followed 30 minutes later by 100 g/kg apomorphine, (4) 30 g/kg quinpirole, or (5) 100 g/kg quinpirole. The low doses of apomorphine and quinpirole were chosen for selective stimulation of DA autoreceptors, which are generally agreed to be more sensitive to agonists than the postsynaptic receptors (Nickolson 1981; Skirboll et al. 1979; Jeziorski and White 1989; Lee and Ellinwood 1989) . Similar "low-dose" strategies have been previously used to examine effects of repeated autoreceptor stimulation on DA functions (e.g., Mereu et al. 1987; Jeziorski and White 1989) .
Single-Unit Procedure
Seven days after cocaine withdrawal (i.e., 2 days after the last D 1 /D 2 drug injections), rats were anesthetized with chloral hydrate (400 mg/kg, IP) and their jugular vein catheterized for anesthetic supplements. The animals were mounted on Kopf stereotaxic apparatus. The skull was exposed and a small burr hole was drilled in the area overlying either the SNC or VTA. Body temperature of the rats was maintained at 36-38 Њ C using a temperature control pad.
Extracellular single-unit recordings were made using glass-coated tungsten electrodes (Frederick Haer, Brunswick, ME; impedance 10 M ⍀ at 1000 Hz). The number of spontaneously active SNC or VTA neurons exhibiting electrophysiological characteristic of DA neurons was counted by lowering the electrode from 6.5 to 8.5 mm below the brain surface (Chiodo and Bunney 1983; Gao et al. 1998) . Nine electrode tracks, each separated by 0.2 mm were passed at predetermined coordinates (3.1-3.5 mm anterior to lambda, 1.5-1.9 and 0.4-0.8 mm lateral to the midline for SNC and VTA, respectively). The sequence of the electrode tracks was kept constant from animal to animal, and a new electrode was used for each animal. In addition to the number of spontaneously active neurons, the baseline firing rate and bursting pattern of each neuron were determined based on the analysis of 500 consecutive spikes.
Putative DA neurons were identified by previously established criteria (Bunney et al. 1973) : (1) a long action potential ( Ͼ 2.5 ms) with a distinct "notch" in the initial rising phase; (2) slow, burst or regular firing pattern (up to 9 spikes/s); and (3) low-pitched sound on an audio monitor. The bursting pattern of individual neurons was determined as previously described (Grace and Bunney 1984) . A burst onset was defined as an occurrence of two spikes with an interspike interval of less than or equal to 80 ms, thereafter an interval greater than 160 ms denoted a burst termination. For each neuron, we determined: (1) average number of spikes per burst; (2) total number of bursts; and (3) percentage of the 500 collected spikes that occur within bursts.
The last recording site was electrolytically lesioned by passing a 10-A current through the recording electrode for 30 seconds. The animals were then perfused transcardially with 0.9% saline followed by 10% formalin under an overdose of chloral hydrate. Serial 50-m sections of the brain were stained with Cresyl violet, and the location of recorded neurons extrapolated from the position of the lesion site (i.e., the last recorded neuron).
Drugs
(-)Cocaine, (-)quinpirole and R(-)apomorphine (HCl salts) were obtained from RBI (Natick, MA). SCH 39166 was a gift from Dr. Allen Barnett, Schering-Plough (Kenilworth, NJ). Drugs were dissolved in distilled water or sterile saline, and freshly prepared daily.
Data Analysis
The number of spontaneously active SNC and VTA DA neurons were compared using a one-way analysis of variance (ANOVA; saline, intermittent injections and continuous infusion, each group with post-cocaine injections with saline, apomorphine, apomorphine ϩ SCH 39916, or low/high dose quinpirole). For the baseline firing rates and bursting indices, a single set of values for each animal was first derived by averaging results from individual neurons; these values were subsequently used to compare pretreatment groups by a oneway ANOVA as before. Post-hoc comparisons of individual means were accomplished using Dunnett's test with the saline/saline group as control. For all tests, p Ͻ 0.05 was considered statistically significant; all data are presented as mean Ϯ SEM.
RESULTS
All recordings were taken on withdrawal day 7 and neurons exhibited electrophysiological characteristics typical of putative DA neurons. Furthermore, these neurons were found, as estimated from the lesion at the last recording site, 6.5 to 8.5 mm below the surface of the brain, and between 2.96 and 3.70 mm anterior to the interaural line (Paxinos and Watson 1986) . Correct medio-lateral positioning of the SNC and VTA sampling tracks were also verified histologically (1.4-2.1 mm and 0.4-1.2 mm lateral, respectively).
Effects of Day 1-5 Treatment on the Number of Spontaneously Active Neurons
There was an effect of treatment (saline, intermittent, or continuous cocaine) on the number of spontaneously active DA neurons in the SNC (F[14,122] ϭ 7.870, p Ͻ .001; Figure 1A) . Following a 7-day withdrawal, contin-uous infusion and intermittent injections of cocaine led to reduced and normal number of DA neurons in the SNC, respectively. Post-cocaine injections of the mixed DA agonist apomorphine (100 g/kg, SC) reversed the reduced number of active SNC DA neurons in the continuous infusion group. When co-administered with apomorphine, SCH 39166 (0.5 mg/kg, SC), a selective D 1 antagonist, did not affect the apomorphine-induced reversal, thus precluding a D 1 mechanism and suggesting a likely involvement of D 2 receptors in the apomorphine effect. Consistent with this hypothesis, daily injections of a selective D 2 agonist (quinpirole) during the early withdrawal period reversed the day 7 reduction in the number of active SNC DA neurons. The quinpirole effect was dose-dependent as 100 g/kg, but not 30 g/kg, was able to show this reversal. In contrast to their effects in the continuous infusion group, these DA agents had minimal effect in the SNC for either the saline or intermittent cocaine injection groups.
There was also an effect of treatment on the number of spontaneously active DA neurons in the VTA (F[14,123] ϭ 7.270, p Ͻ .001; Figure 1B) . In contrast to the SNC, continuous cocaine infusion induced minimal change in the number of active VTA neurons following 7-day withdrawal. However, intermittent injections led to an increase in this index, and this increase was reversed by five daily injections of low-dose apomorphine during withdrawal. Indeed, the apomorphine injections not only normalized the number of active neurons but in fact decreased it below the levels observed in the saline or continuous infusion group. Coadministration of SCH 39166 again failed to alter the effect of apomorphine on the VTA spontaneous activity. Also consistent with an involvement of a D 2 -dependent mechanism was the finding that the intermittent group injected with the higher dose of quinpirole (100 g/kg, SC) exhibited a reduced number of spontaneously active DA neurons compared to the control and infusion Figure 1 . Effects of post-cocaine DA agonists given on withdrawal days 1-5 on the number of spontaneously active putative DA neurons per electrode track in the SNC (A) and VTA (B). Saline (2 ml/kg); Apo, apomorphine (100 g/kg); Apo ϩ SCH, apomorphine (100 g/kg) ϩ SCH 39166 (0.5 mg/kg); and Quin-Lo and -Hi, quinpirole (30 g/kg and 100 g/kg, respectively). Number of animals (Control/Infusion/Injection): Saline ϭ 13/18/11; Apo ϭ 5/7/7; Apo ϩ SCH ϭ 6/6/8; Quin-Lo ϭ 7/6/7; and Quin-Hi ϭ 6/8/8 for the SNC; 14/18/12, 6/ 6/8, 6/6/7, 7/7/7, and 6/7/7, respectively, for the VTA. *p Ͻ 0.05 and **p Ͻ .01, compared to Control/Saline group (patterned bar), Dunnett's test.
groups. The quinpirole effect was dose-dependent as the lower dose of 30 g/kg only returned firing to control levels of the spontaneous activity. Apomorphine, either alone or in combination with SCH 39166, and quinpirole did not exert significant effects on the number of active VTA DA neurons in either the saline or continuous cocaine infusion groups.
Effects of Day 1-5 Treatment on Burst Pattern
Neither continuous infusion nor intermittent injections of cocaine altered the bursting pattern of the SNC DA neurons on day 7 of withdrawal ( Figure 2) . Furthermore, apomorphine, apomorphine ϩ SCH 39166, and both doses of quinpirole, when injected between cocaine withdrawal days 1 and 5, exerted no clear, consistent effects on day 7 SNC bursting in any of the groups. The effect of treatment on the total number of bursts (F[14,121] ϭ 0.404, p Ͼ .16; Figure 2A ), the percentage of spikes in bursts (F[14,121] ϭ 0.894, p Ͼ .56; Figure 2B ) and the mean number of spikes per burst (F[14,121] ϭ 0.852, p Ͼ .61; Figure 2C ) were all nonsignificant.
Significant group differences were, however, observed in the VTA (Figure 3) for the total number of bursts (F[14,115] ϭ 3.108, p Ͻ .001; Figure 3A ) and the percentage of spikes found in bursts (F[14,115] ϭ 2.047), p Ͻ .022; Figure 3C ) but not for the mean number of spikes per burst (F[14,115] ϭ 1.325, p Ͼ .20; Figure 3B ). Continuous cocaine infusion reduced bursting in the VTA DA neurons on day 7 of withdrawal; post-cocaine injections between days 1 and 5 of withdrawal reversed this bursting reduction. SCH 39166, when co-administered with apomorphine, did not block the reversing/ preventing effect of apomorphine in the continuous infusion group. Similarly, quinpirole, at 100 but not 30 g/kg, prevented the reduced bursting in the continuous cocaine infusion group. The three drugs had no significant effects on the saline or intermittent cocaine injection group (see Figure 3) . 
Effect of Day 1-5 Treatment on Baseline Firing Rates
Daily injections of apomorphine, apomorphine ϩ SCH39166 or quinpirole on withdrawal days 1 to 5 had no effect on day 7 spontaneous firing rates of SNC (F[14,121] 
DISCUSSION
The present study confirms our previous findings that intermittent and continuous cocaine pretreatment regimens induce distinct changes in the baseline activity of the SNC and VTA DA neurons (Gao et al. 1998 ). Thus, on day 7 of withdrawal from continuous cocaine infusion, we found reduced number of spontaneously active DA neurons in the SNC and reduced bursting in the VTA. Withdrawal from intermittent injections, on the other hand, was associated with increased numbers of spontaneously active DA neurons in the VTA with no other detectable changes in either the SNC or VTA. The present study has extended these previous findings by showing that D 2 agonists administered on withdrawal days 1-5 can reverse the day-7 changes in the activity of midbrain DA neurons. Taken together with our previous finding that acute sulpiride could also reverse these changes (Gao et al. 1998) , we suggest that D 2 mechanisms play an important role in cocaine-induced alterations in the spontaneous activity of DA neurons during the first week of withdrawal. 
Changes Following Continuous Cocaine Infusion
In the SNC, stimulation of DA receptors with "autoreceptor-selective" doses of apomorphine or quinpirole (Nickolson 1981; Skirboll et al. 1979; Jeziorski and White 1989; Lee and Ellinwood 1989) between withdrawal days 1 and 5 reverses the reductions in the number of active DA neurons. Furthermore, the normalization of spontaneous firing activity seen with apomorphine is not inhibited by the co-administration of the D 1 antagonist SCH 39166. These findings suggest that the apomorphine-induced normalization is mediated by a D 2 -but not a D 1 -dependent mechanism; the simplest explanation might be that stimulation of DA autoreceptors during the time of their dynamic sensitivity increase (i.e., day 1 subsensitivity evolving into day 7 supersensitivity; Ellinwood and Lee 1983; Zhang et al. 1992; Gao et al. 1998) , prevents the supersensitivity development via competing desensitization. It is interesting to note that distinct changes in autoreceptor sensitivity and number of spontaneously firing neurons are not associated with a change in bursting pattern. These findings are consistent with previous data demonstrating that bursting activity in SNC DA neurons may be more directly related to mono-or poly-synaptic excitatory afferent inputs (e.g., subthalamic nucleus, pedunculopontine nucleus, prefrontal cortex, vide infra) rather than DA autoreceptor sensitivity per se (for a review, see Overton and Clark 1997) .
In the VTA, continuous cocaine infusion had no effect on the number of spontaneously active DA neurons on withdrawal day 7 but selectively decreased bursting of these neurons (Gao et al. 1998 ; the present study). Considering neither the sensitivity to DA agonists nor the number of spontaneously active neurons (Lee and Ellinwood 1989; Gao et al. 1998 ; the present study) are changed in VTA neurons, a possible role of direct somatodendritic autoreceptor sensitivity changes in this baseline bursting change appears unlikely. We have therefore postulated that the decreased VTA bursting might be mediated by changes in either terminal D 2 autoreceptors or postsynaptic D 2 receptors in another nucleus which may trans-synaptically regulate the activity levels of afferent pathways to the VTA (Gao et al. 1998) . Several studies have shown that stimulation and cooling of the prefrontal cortex increases and abolishes the burst firings in the VTA, respectively (Charlety et al. 1991; Gariano and Groves 1988; Svensson and Tung 1989; see Overton and Clark 1997, for review) . In addition to direct D 2 changes within the prefrontal cortex, those in DA heteroceptors in the VTA (albeit largely of the D 1 class), which modulate local release of both glutamate (Kalivas and Duffy 1998) and GABA (Cameron and Williams 1993), could also alter VTA bursting activity (for a review, see Overton and Clark 1997) . Via a yet-to-be-determined mechanism, repeated administration of low doses of D 2 agonists might, reverse the day 7 bursting changes by "normalizing" the prefrontal excitatory influence on VTA DA neurons.
Changes Following Intermittent Cocaine Injections
Under our experimental conditions, 7-day withdrawal from intermittent cocaine injections has no effect on SNC DA neurons but leads to a selective increase in the number of spontaneously active DA neurons in the VTA without alterations in their bursting pattern or quinpirole sensitivity (Gao et al. 1998 ; the present study). These changes are readily reversed by an acute injection of sulpiride (a D 2 -selective antagonist; Gao et al. 1998 ). The present study demonstrates that five daily post-cocaine injections of low doses of apomorphine or quinpirole not only normalize the altered number of VTA neurons, as acute sulpiride does, but also reduces it below the levels observed in controls. The apomorphine-induced reversal is not antagonized by SCH 39166 and, again, the quinpirole effect is dose-dependent, suggesting a D 2 mechanism of action of this early withdrawal treatment. Beyond an involvement of a D 2 mechanism, the exact mechanism underlying the normalization "overshoot" (i.e., significant decrease compared to controls) is not clear. It is also noted that, in contrast to our findings (Gao et al. 1998 ; the present study), Ackerman and White (1992) have reported decreased spontaneous activity of VTA neurons after 10-14-day withdrawal from intermittent cocaine injections (10 mg/kg IP twice daily ϫ 14 days). We have previously suggested that these discrepancies between the two laboratories might be secondary to differences in cocaine doses or withdrawal duration (Gao et al. 1998) . Resolution of the above issues awaits further characterization of the time-course and localization of baseline DA unit activity alterations following cocaine withdrawal.
The precise mechanisms for all significant reversals effected by the post-cocaine D 2 treatment in the present study need to be further explored. On the other hand, the finding that the same agonists exert minimal effects in control animals suggests that the modifications associated with the 5-day treatments are likely to interact with specific changes induced by cocaine pretreatments. Therefore, detailed characterization of changes observable during the first week of withdrawal (e.g., days 1-7) from cocaine pretreatment may facilitate elucidation of the mechanistic bases for the D 2 efficacy. Using single-unit recording and voltammetry techniques (e.g., Lee et al. 1998) , we are currently determining the full time-course and localization of brain areas that might be critical for the various baseline DA unit-activity alterations following cocaine withdrawal. With respect to the lack of post-cocaine treatment effects on control animals, other investigators have also found that multiple injections of "autoreceptor-selective" doses of apomorphine apparently fails to down-regulate D 2 receptors in normal animals, a finding that has been attributed to the existence of spare autoreceptors (Mereu et al. 1987; Jeziorski and White 1989) .
In accordance with the generally accepted view (Bunney and Grace 1978 ; for additional references, see Dai and Tepper 1998) , we have interpreted the present changes in the number of DA neurons per track as reflecting those in the number of neurons spontaneously generating action potentials (i.e., some neurons are normally silent). On the other hand, Dai and Tepper (1998) have recently suggested that virtually all SNC DA neurons (Ͼ98%) are spontaneously active, even in anesthetized animals. According to these investigators, changes in the number of active neurons per track following D 2 blockade are secondary to such factors as increased firing rates or decreased electrotonic lengths of recorded neurons, which would spuriously increase the likelihood of finding slow-firing neurons or those that are distant from the recording electrode. Possible implication of this report for the present results is not yet clear. It is, however, pointed out that the baseline firing rates were not altered in any pretreatment groups in the present study. Most importantly, regardless of whether or not the prevalent viewpoint needs to be revised, the main conclusion of the present study remains valid. That is, because it is highly unlikely that the above "spurious" factors would differentially affect different pretreatment groups, continuous and intermittent administration of cocaine lead to characteristic alterations in the baseline activity. Moreover, acute D 2 antagonism by sulpiride (Gao et al. 1998) or 5-day D 2 stimulation can specifically reverse these changes. Direct antidromic stimulation of DA neurons during 9-track population sampling (Dai and Tepper 1998 ) from cocaine-pretreated animals might provide a further clarification.
Clinical Relevance
Cocaine or other stimulant abuse in its most severe form is characterized by a binging pattern of administration (first described by Kramer et al. 1967) , in which high doses of the drug (often high enough to be lethal in naive individuals) are either injected or smoked over multiple days (Gawin and Ellinwood 1988; Gawin et al. 1994) . During these runs, high, sustained drug levels are often maintained for, with adequate supply, 18-24 h/d. Behaviorally, compulsive cocaine "bingers" often exhibit simultaneous sensitization and tolerance to different effects of the drug (e.g., stereotyped thought pattern/paranoia and cocaine "high," respectively); these "deficits" subside with differential time courses during abstinence/withdrawal (for reviews, see Gawin et al. 1994; Gold et al. 1992 ). We have recently suggested (Lee et al. 1997 ) that examination of sensitization or tolerance in animals without the other may provide inadequate information on critical mechanisms associated with compulsive cocaine (stimulant) abuse. Thus, our approach of directly comparing and contrasting two opposing dosing regimens under identical experimental conditions are aimed at facilitating identification of such mechanisms.
The withdrawal from stimulant binges are associated with sustained anergia and dysphoria over a period of 7-10 days (Gawin and Ellinwood 1988) . We have hypothesized (Gao et al. 1998 ) that the reduced number of spontaneously active DA neurons in the SNC and reduced bursting in the VTA following continuous infusion might partially underlie symptoms associated with the intermediate withdrawal phase following compulsive cocaine binges (e.g., loss of physical/ mental energy, anhedonia, etc.). These symptoms may contribute to the high rate of recidivism associated with such abuse (Gawin and Ellinwood 1988) . The first week of withdrawal might therefore provide a time window, during which a short-term treatment with selective D 2 agonists might reverse the reduced DA baseline activity and thus offer potential treatment for the intermediate withdrawal phase symptoms. Such efficacy is, in turn, expected to aid in achieving a long-term cocaine abstinence. Indeed, the DA agonist bromocriptine has been reported to be efficacious in treating this anergic, intermediate withdrawal phase (Giannini et al. 1989 ). It should be noted, however, that these D 2 agonists could be counter-productive when introduced in later phases of withdrawal, as they may serve as discriminative (cocaine-like) stimuli that trigger renewed compulsive use (Kleber 1995) . Indeed, Self et al. (1996) have shown that D 2 -like agonists can trigger relapse behavior in a rat model of cocaine seeking. These investigators have also reported that D 1 -like agonists, given prior to cocaine priming, could block the cocaine-seeking behavior. This efficacy of D 1 manipulation is in contrast to the inability of SCH 39166 to modify chronic apomorphine effects in the present study. However, it should be noted that the D 1 blockade of cocaine priming is an "immediate" (within hours) effect of acute injections. We, on the other hand, have examined a "delayed" modulation (2 days after the last inection) following chronic injections (5 days).
SUMMARY
The present study extends our previous work which showed that D 2 receptors are likely to be involved in the altered number of spontaneously active neurons and their bursting pattern 7 days after intermittent cocaine injections and continuous infusion. Thus, these day-7 changes can be reversed by an acute blockade of D 2 re-ceptors on day 7, on one hand (Gao et al. 1998) , and chronic stimulation (e.g., desensitization) of D 2 receptors between days 1 and 5, on the other (the present study). Direct comparison and contrast of intermittent and continuous cocaine pretreatments in animals might provide an experimental means for identifying a set of alterations that can be manipulated for formulating specific therapeutic strategies for compulsive cocaine abuse. We also suggest that the overall planning of individual therapeutic strategies may be further facilitated by addressing the dynamic nature of the stimulant withdrawal phases and associated mechanisms. Achieving a long-term abstinence in repeated, compulsive cocaine abusers may require careful evaluation of their abuse history and current withdrawal status. In addition, appropriate adjustment in therapeutic agents and regimens (e.g., short-term treatment with low-dose D 2 agonist with supplemental D 1 agonist as needed to combat cocaine craving) may facilitate long-term abstinence from compulsive cocaine abuse.
